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ABSTRACT
The anisotropy parameter β characterizes the extent to which orbits in stellar systems are predomi-
nantly radial or tangential, and is likely to constrain, for the stellar halo of the Milky Way, scenarios
for its formation and evolution. We have measured the anisotropy β as a function of Galactocentric
radius from 5 − 100 kpc for over 8600 metal poor ([Fe/H] < −1.3) halo K giants from the LAMOST
catalog with line-of-sight velocities and distances, matched to proper motions from the second Gaia
data release. We construct full 6-D positions and velocities for the K giants to directly measure the 3
components of the velocity dispersion (σr, σθ, σφ) (in spherical coordinates). We find that the orbits in
the halo are radial over our full Galactocentric distance range reaching over 100 kpc. The anisotropy
remains remarkably unchanged with Galactocentric radius from approximately 5 to 25 kpc, with an
amplitude that depends on the metallicity of the stars, dropping from β ≈ 0.9 for −1.8 ≤ [Fe/H] < −1.3
(for the bulk of the stars) to β ≈ 0.6 for the lowest metallicities ([Fe/H] < −1.8). Considering our
sample as a whole, β ≈ 0.8 and, beyond 25 kpc, the orbits gradually become less radial and anisotropy
decreases to β < 0.3 past 100 kpc. Within 8 kpc, β < 0.8. The measurement of anisotropy is affected
by substructure and streams, particularly beyond a Galactocentric distance of approximately 25 kpc,
where the Sagittarius stream is prominent in the data. These results are complimentary to recent
analysis of simulations by Loebman et al. and of SDSS/Gaia DR1 data by Belokurov et al.
Keywords: galaxies: individual (Milky Way) — Galaxy: halo — Galaxy: kinematics and dynamics —
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1. INTRODUCTION
The Milky Way’s halo has long provided constraints
on scenarios for the formation and evolution of our
galaxy, as it contains relics from the earliest stages of
the process. In the dominant theoretical framework of
galaxy formation, in which small scale structures con-
dense most quickly under gravity in ΛCDM, halos form
early out of large numbers of minor and some major
mergers, and has progressed well around Milky Way
sized galaxies before the bulge and disk formation be-
gins.
sarahbird@shao.ac.cn, xuexx@nao.cas.cn,
liuchao@nao.cas.cn, jshen@shao.ac.cn, cflynn@swin.edu.au
A fundamental constraint is provided by the stellar
orbital families that develop during the assembly. The
Binney & Tremaine (2008) velocity anisotropy parame-
ter β characterizes the extent to which orbits in halos
are predominantly radial or tangential, and is defined
through the velocity dispersions σ of the stars in spher-
ical coordinates (r, φ, θ) as
β = 1− (σ2θ + σ2φ)/(2σ2r). (1)
In an isothermal system, σθ = σφ = σr, and β is zero.
For stellar systems in which the orbits are predominantly
radial orbits, β > 0. For tangential orbits, β < 0. By
definition, 1 > β > −∞.
Loebman et al. (2018) have thoroughly reviewed the
history of β measurement using halo stars within a few
kpc of the Sun, efforts to derive it from line-of-sight
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2velocities out to tens of kpc from the Sun, and of the
predictions of the behavior of β in N -body and hydro-
dynamical simulations of Milky Way-like galaxies.
Until the advent of Gaia, large stellar samples with di-
rect measurements of all three components of σ were lim-
ited to within the neighborhood of the Sun, i.e. within
a few kpc. Locally, studies with e.g. RR Lyrae stars,
K giants, blue horizontal branch (BHB) stars and subd-
warfs find β ≈ 0.5-0.7, and the orbits are thus predomi-
nantly radial. For example, Morrison et al. (1990) derive
σr, σφ, σZ = (133± 8, 98± 13, 94± 6) km s−1 for halo G
and K giants up to a few kpc distant, for which β ≈ 0.5.
Chiba & Yoshii (1998) estimate β = 0.52 ± 0.07 for a
sample of halo stars ([Fe/H] < −1.6) within a few kpc
of the Sun, based on the measurement of (σr, σφ, σθ) ≈
(σU , σV , σW ) = (161±10, 115±7, 108±7) km s−1. Smith
et al. (2009) find β = 0.69±0.01 using ≈ 1700 halo sub-
dwarfs in SDSS Stripe 82 data up to 5 kpc distant, for
which (σr, σθ, σφ) = (143± 2, 82± 2, 77± 2) km s−1.
Efforts to understand whether such radial orbits are
the case elsewhere in the Galaxy — and particularly
outside the Solar Circle — have been hampered by the
lack of proper motions. Out to a few tens of kpc, aided
by models of the mass distribution in the Galaxy, line-
of-sight velocities have been used to indirectly determine
β from a range of tracers, including BHB stars and K
giants (Flynn et al. 1996; Thom et al. 2005; Kafle et al.
2012, 2014). As discussed in detail by Loebman et al.
(2018), these studies have differed substantially in their
results, with no clear picture of the behavior of β with
Galactocentric radius emerging.
In this study, we use approximately 8700 K halo giants
for which we have radial velocities and stellar physical
parameters in the LAMOST data release DR5 (for in-
formation on LAMOST and its spectroscopic survey, we
refer the reader to Cui et al. (2012), Deng et al. (2012),
Zhao et al. (2012), and Luo et al. (2015)). Proper mo-
tions for the vast majority of these stars are available in
the second data release (DR2) by Gaia (Gaia Collabora-
tion et al. 2018) of April 2018. We compute Vr, Vθ, Vφ ve-
locities of the halo giants as functions of Galactocentric
radius rgc and metallicity [Fe/H]. Substructure within
the overall halo is clearly seen in the velocity-distance
planes, such as the prominent Sagittarius stream (Be-
lokurov et al. 2006). The velocity dispersions of the
radial and tangential components of the halo are found
to differ substantially, and we present the anisotropy
parameter β as a function of Galactocentric radius and
stellar metallicity from this sample, finding that β is
similar elsewhere in the halo as in the Solar neighbor-
hood, with orbits very predominantly radial. We find
nearly no dependence in β with Galactocentric radius
rgc out to approximately 25 kpc, despite the velocity dis-
persions changing markedly with rgc. We additionally
find that the amplitude of β(r) reduces with decreasing
metallicity. We compare our results for β to theoretical
work using simulations of halo formation: these studies
had successfully anticipated the result that the halo is
predominantly radial, but to the best of our knowledge
had not anticipated that β would show such metallicity
dependence.
In Section 2, we present our sample of over 8600
halo K giants, extending to over 100 kpc, for which
we have LAMOST velocities, distances and metallicities,
matched to Gaia DR2 proper motion data. In Section 3
we present the kinematics of the sample, and show that
the orbital families are predominantly radial at all radii
probed, through the anisotropy parameter β. We find
that the amplitude of β is a function of metallicity, sub-
stantially reduced relative to the metal rich halo stars,
but still radial. In Section 4, we discuss our results in
terms of observational work in the literature, and N -
body/hydrodynamical simulations of the formation and
evolution of galaxy halos and draw our conclusions.
2. LAMOST SAMPLE OF HALO K GIANTS
LAMOST has completed its fifth year of observing
and has planned the data release of the LAMOST DR5
catalog for late 2018, to which we have acquired early
access. Our halo K giant sample has been selected from
LAMOST DR5 using effective temperature and surface
gravity based on the method of Liu et al. (2014).
The distances for the halo K giants are estimated us-
ing the method of Xue et al. (2014), which we note is
the same as the one used for Sloan Digital Sky Sur-
vey DR9 (Ahn et al. 2012) K-giant stars in the SEGUE
project (Yanny et al. 2009). We use E(B − V ) from
Schlegel et al. (1998) and the coefficients in Schlafly &
Finkbeiner (2011) to correct reddening. The method
yields a median distance precision of 16%. Using the
method presented in Xue et al. (2014), we select giant
branch stars from just above the horizontal branch to the
tip of the red giant branch. Xue et al. (2014) derived a
relation between [Fe/H] and the (g−r)0 color of the giant
branch at the level of the horizontal giant branch, using
eight globular clusters with ugriz photometry from An
et al. (2008), with cluster data given in Table 3 of Xue
et al. (2014). The [Fe/H] and (g− r)HB0 for the horizon-
tal branch/red clump of the clusters follow a quadratic
polynomial, (g−r)HB0 = 0.087[Fe/H]2+0.39[Fe/H]+0.96,
as shown in Fig 2 of Xue et al. (2014). We work with
giants above the horizontal branch to avoid possible con-
tamination of (metal rich) red clump stars, and also in
order to probe as distantly as possible in the halo using
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Figure 1. The space velocities in spherical coordinates (r, θ, φ) are shown for our sample of over 8600 halo K giants for which
we have LAMOST radial velocities and metallicities, and Gaia proper motions. In the left hand panels, the velocities are
shown versus metallicity [Fe/H], and in the right panels versus Galactocentric distance rgc. In the right panels in particular,
several substructures in the kinematics are clear, including that due to the Sagittarius stream discussed in section 3.1. The
Galactocentric radial velocities Vr show a considerably broader distribution than either of the tangential velocity components Vθ
and Vφ: the orbital families are predominently radial. This becomes distinctly less the case for the lowest metallicities probed
(left panels, [Fe/H] < −2), as discussed in section 3.2, although the orbits are still predominantly radial.
4the bright giants. We selected stars with [Fe/H]< −1.3
and which are well above and below the Galactic disk,
using the cut |Z| > 5 kpc (where Z is height above the
Galactic disk mid-plane).
The LAMOST giants were cross-matched to Gaia
DR2 to attain proper motions. Our total sample consists
of over 8600 halo K giants with distances, line-of-sight
velocities, and proper motions.
We use Galactic Cartesian coordinates (X,Y, Z) and
velocities (U, V,W ) using the conventions in astropy
(The Astropy Collaboration et al. 2018). The Sun is
located at X = −8.3 kpc, and uses a local standard of
rest velocity of 220 km s−1, and Solar peculiar motion
of (U, V,W ) = (11.1, 12.2, 7.3) km s−1 (Scho¨nrich et al.
2010).
We compute spherical velocity components for our
stars Vr, Vθ, Vφ:
Vr = (U cosφ+ V sinφ) sin θ +W cos θ (2)
Vθ = (U cosφ+ V sinφ) cos θ −W sin θ (3)
Vφ = U sinφ− V cosφ. (4)
where rgc =
√
X2 + Y 2 + Z2, θ = pi/2−tan−1(Z/√X2 + Y 2)
and φ = tan−1(Y/X).
Gaia parallaxes are available for a subset of the stars,
but only become competitive with the LAMOST dis-
tances for stars closer than approximately 4 kpc. We
therefore use LAMOST distances for all our stars, as
the cut |Z| > 5 kpc (to remove disk and/or thick disk
stars) means matches to Gaia have larger relative errors
in Gaia parallaxes as compared to our relative photo-
metrically determined distance errors.
3. RESULTS
3.1. Sample kinematics, substructure, and the halo
anisotropy
In Fig 1, we show the 3-D velocities Vr, Vθ, Vφ for our
halo sample as functions of metallicity [Fe/H] (left pan-
els) and Galactocentric radius rgc (right panels). Ex-
amination of a fuller data set of LAMOST K giants, for
metallicities up to Solar ([Fe/H] = 0), show that the
disk-to-halo transition occurs at [Fe/H] = −1 for the
stars analyzed (for which |Z| > 5 kpc). We have very
conservatively cut the sample to metallicities [Fe/H]
< −1.3, based on our estimated metallicity errors of
0.1 dex, in order to probe the halo only. The veloci-
ties are clearly those of a nearly non-rotating, pressure
supported population, with no sign of a much faster
rotating thick disk or disk at our highest metallicities
([Fe/H] = −1.3). In the right hand panels, we show
the velocities as a function of Galactocentric distance
rgc. Although the bulk of the stars are within 30 kpc
of the Galactic Center, we have sufficient numbers of
stars to probe β out to 100 kpc. There is very clearly
substructure on different scales in the velocity distribu-
tions versus Galactocentric distance. The most obvious
substructure is due to the Sagittarius stream (Belokurov
et al. 2006), seen in the (Vr, Vθ) at Vr ≈ −180 km s−1
and Vθ ≈ 200 km s−1.
Carlin et al. (2016) have analyzed the extent to which
substructures can be isolated in K giants in LAMOST,
by comparing to ensembles of smooth, synthetic Milky
Way models finding that at least 10 percent of the stars
can be associated with streams and other debris. Struc-
tures become prominent beyond a Galactocentric radius
of approximately 20 kpc within an otherwise well-mixed
halo, while beyond approximately 40 kpc, star numbers
in the catalog are insufficient to draw conclusions on the
substructure fraction. The strongest substructure they
find is due to Sagittarius.
We next compare velocity dispersions and β for the
total data set, with and without Sagittarius stars in-
cluded. The aim is to examine the extent to which the
most prominent of substructures, Sagittarius, affects the
determination of β. Structures seen in space and veloc-
ity coordinates are considered likely “un-relaxed” and
“non-virial” components within the Galactic halo. As
has been shown in detail in Loebman et al. (2018), the
anisotropy parameter is sensitive to both the presence
of satellites in the halo, and to the passage of satellites
through the underlying, smooth and kinematically re-
laxed stellar halo.
In the upper panel of Fig 2, we show the velocity dis-
persions (σr, σθ, σφ) as functions of Galactocentric ra-
dius rgc. These have been estimated from the compo-
nent velocities using ROBUST SIGMA1, which is designed
particularly to reduce the effects of outliers in otherwise
relatively Gaussian distributions. We have subtracted in
quadrature the median of the velocity errors of the stars
in each bin. These errors are as propagated from the (1)
errors in the LAMOST distances of the stars (16%), (2)
the LAMOST line-of-sight radial velocity errors (gener-
ally in the range 5 to 25 km s−1), (3) and the two proper
motion error estimates from Gaia DR2. For most bins
the corrections are quite small, but do grow with Galac-
tocentric distance as the stars become fainter, and the
proper motions smaller, as seen in the lower panel of Fig
2. In the most distant bins the corrections are about the
same magnitude as the velocity dispersion we are aiming
1 ROBUST SIGMA is a routine from IDL ASTROLIB (Landsman
1993). We use a version ported to Python.
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Figure 2. Upper panel: three velocity dispersion compo-
nents σr, σθ, σφ, computed from the total sample of over 8600
halo K giants. Each point marks the end of our selected ra-
dial bins. The first bin contains stars within rgc = 5−7 kpc.
Each consecutive bins are of width 1 kpc up to the bin end-
ing at rgc = 30 kpc, after which our bin sizes progressively
increase. The remaining bins end at rgc = 32, 35, 40, 45, 50,
60, and 105 kpc. Velocity dispersions are computed using the
ROBUST SIGMA estimator, with corrections in quadrature for
the median velocity error in each bin (see lower panel). Er-
ror bars are estimated from the Poissonian sampling in each
bin. The velocity dispersions in the Galactocentric radial
component rgc dominate over the tangential components in
all but the most distant radial bins. The amplitude of σr and
σθ, σφ decline moving outward from the position of the Sun
until rgc ≈ 25 kpc, where the Sagittarius stream affect the
velocity dispersions markedly (see Section 3.1). Remarkably,
the anisotropy parameter β shows a flat profile with rgc out
to rgc ≈ 25 kpc, in which the underlying velocity dispersions
are changing most significantly (see Fig 3). Lower panel:
median errors on the velocities as a function of Galactocen-
tric radius, for the same bins as in the upper panel. The
error estimates for each star are propagated from the LAM-
OST distance errors, LAMOST line-of-sight velocity errors,
and two proper motion error estimates from Gaia DR2.
to measure. For less than one percent of the stars, veloc-
ities in excess of 500 km s−1 were obtained. These are
very likely to be spurious rather than true high velocity
stars, and were removed from the final sample (such high
velocities are clipped by ROBUST SIGMA in the analysis in
any case). Additionally, for approximately one percent
of the stars, spuriously high errors were found for the Vr,
Vθ and/or Vφ velocities. Such stars were removed from
the sample by requiring that the error on the Galacto-
centric radial velocity be < 100 km s−1, and the error
on the tangential velocities be < 150 km s−1. Tests with
or without these criteria showed that these cuts barely
affect β, but we include them for completeness.
A feature of the upper panel of Fig 2 is that the tan-
gential velocities Vθ and Vφ are confined to a much nar-
rower distribution than Vr, indicating already how the
orbits are strongly radial in character at most radii and
metallicities. We note already here, as will be seen later,
that at the lower metallicities [Fe/H] < −1.8, the three
velocity components are moving closer to parity.
The upper panel of Fig 2 shows σr and the two tan-
gential velocity dispersions σθ and σφ as functions of
Galactocentric radius for our complete sample of halo K
giants. It is clear that both tangential dispersions are
substantially less than the radial velocity dispersion σr
at all radii out to almost 100 kpc. The orbits are clearly
strongly radial throughout the halo.
We highlight this in Fig 3, where we show the orbital
anisotropy parameter β versus Galactocentric radius rgc
for the entire sample (i.e. for all metallicities, magenta
points). The halo orbits are strongly radial, with β ly-
ing mainly in the range 0.6 to 0.8. It is remarkable how
steady β is with Galactocentric radius rgc, out to about
25 kpc, despite the considerable change in the under-
lying σr and the two tangential velocity dispersions as
functions of rgc. A steady or very slowly rising β is typ-
ical in the simulations in which the halo has reached an
equilibrium state (see e.g. Bullock & Johnston (2005),
Christensen et al. (2012), Stinson et al. (2013)) and is
consistent with what we see out to about 25 kpc in Fig
3. Loebman et al. (2018) have analyzed these simula-
tions, finding that (unless they are in a state in which
major merging is still taking place) β remains high (in
the range 0.6 to 0.8) out to the limits of their analy-
sis (70 kpc). This is quite different to what we see in
Fig 3, where there is decline from β ≈ 0.8 to β ≈ 0.2
out to 100 kpc, at the limits of our sample. It will be
very interesting to examine to what extent this is incon-
sistent with the halo stars in simulations at these large
distances, work we leave for the future.
Simulations also show that the anisotropy β with
Galactocentric radius is sensitive to the presence of
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Figure 3. Anisotropy parameter β as a function of Galac-
tocentric radius rgc for the entire sample of over 8600 halo
K giants (magenta dots) and for the sample with Sagittar-
ius flagged and removed (remaining sample over 8200), to
highlight the effect of this substructure in the sample. The
error bars on β are propagated through from the errors in
measuring σr, σφ and σθ (cf. Fig 2, upper panel). The or-
bital properties of the sample as a whole are substantially
radial, with β > 0 everywhere. Out to approximately Galac-
tocentric radius rgc = 25 kpc, β is remarkably flat, despite
the steady decline in both σr and the tangential velocity
dispersions σθ and σφ over this range of radii. To the best
of our knowledge, no such behavior has been seen in sim-
ulated stellar halos. The anisotropy in this range indicates
very radial orbits, and is well in line with expectation from
simulations, for which ensemble averages yield β typically in
the range 0.6 to 0.9 (see Loebman et al. (2018)). Simula-
tions also show that fluctuations in β (‘dips’) are common
in the presence of substructure. We see such a dip from 25
to 40 kpc, due to the effects of the Sagittarius stream (black
dots). Removing these stars takes a strongly tangential or-
bital family out from the sample, making β more radial by
∼ 0.2. This is consistent with expectation from simulations.
satellites and streams within the overall halo population,
as might be expected, but also to the passage of satel-
lites affecting the orbital parameters of the underlying,
smooth and kinematically relaxed stellar halo (Loebman
et al. 2018).
We do not make detailed analysis of such effects in
this paper, but restrict ourselves to a brief examination
of Sagittarius (the most prominent substructure in the
velocity plots). There are a number of ways in which
its stars could be removed from the sample in order to
examine how they are currently affecting the β profile:
we have chosen the simplest expedient of tagging Sagit-
tarius in energy E, versus total angular momentum L.
The full sample is shown in this space in Fig 4, where
we have adopted, again for simplicity, a Milky Way-like
potential (Φ(R,Z)) in the galpy package (Bovy 2015)
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Figure 4. Energy E versus total angular momentum L for
the full sample of over 8600 halo K giants (orange points).
Energies for the stars have been estimated using a Milky
Way-like potential consisting of an NFW dark halo and a
double exponential disk using galpy (Bovy 2015). Stars iden-
tified with the Sagittarius stream have been marked in blue.
This is one of several methods used to show that the dip in
the β profile seen in the range 25 < rgc < 50 kpc is primar-
ily due to Sagittarius (see Fig 3). Similar behavior in β has
been noted in N -body/hydrodynamical simulations of stellar
halos due to the presence or passage of satellites.
composed of an NFW dark halo and a double exponen-
tial disk, to order the stars by an energy, E:
E = Φ(R,Z) + V 2tot/2, (5)
where R =
√
X2 + Y 2 and V is the total velocity of
the star (V 2tot = U
2 + V 2 + W 2 = V 2r + V
2
θ + V
2
φ ). L is
the total angular momentum
L = rgcVtan, (6)
where Vtan is the total tangential velocity (V
2
tan = V
2
θ +
V 2φ ).
The E-L plane shows at least two substructures in
addition to the bulk of the halo at bottom. Sagittarius
stars are primarily found at E = −90000 (km s−1)2 and
L = 6000 kpc km s−1. We mark these stars in blue, and
recompute the β(r) profile after removing them from the
sample. The result is shown in Fig 3.
The β(r) profile with Sagittarius still in the sample
is shown by the magenta points, and the profile with
Sagittarius removed is shown by the black points. In
the region where Sagittarius contributes most strongly
to the anisotropy profile, from 25 to about 40 kpc, β
becomes more radial but only mildly so, rising by 1 to
2 tenths. This is in line with expectation, as Sagittarius
is on a high latitude, tangential orbit, and biases β to
appear more tangential (lower values of β). We note
that outside the regions in Galactocentric radius where
Sagittarius is having an impact, β is barely affected.
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Figure 5. Profiles in Galactocentric radius rgc, of the
anisotropy parameter β(r), for three metallicity bins using
our sample of halo K giants after efforts to remove Sagittar-
ius stars as in Fig. 3. The two more metal rich bins share a
common amplitude of β ≈ 0.9 with rgc < 25 kpc and grad-
ually declining value of β at larger radii. The anisotropy
profile is strikingly different for stars with [Fe/H]< −1.8,
where the amplitude of β has dropped to ≈ 0.6 and remains
relatively constant out to large radii; such stars are still on
quite radial orbits, but substantially less than the rest of the
sample. This change in the underlying velocities can also be
seen in Fig 1 (left panels). We note that substructure still is
affecting β and the behavior should be regarded with care.
This brief look at the most prominent substructure in
the sample shows that even a quite massive satellites
passing through the underlying halo can have modest
effects on β in the sense that such stars remain on very
radial orbits. It is interesting that the break in the β
profile, from a remarkably steady value at β ≈ 0.8 from
the Sun to 20 kpc, occurs where Sagittarius starts to
make its presence felt. This behavior, in which β has
breaks or dips as a function of rgc, is similar to that
seen in simulations of the formation and evolution of
the halo component in N -body/hydrodynamical simu-
lations analyzed in detail by (Loebman et al. 2018). A
simple view is that the break is from a quite well mixed
inner halo within approximately 25 kpc, where the or-
bital families and β are in (currently) a steady state
to regions where substructure is affecting β via satellite
infall and streams. Clearly the effects of substructure
are a major topic and we leave this to future work, but
point out that even the most prominent substructure in
our sample only affects β modestly. It is unlikely that
the remaining, much weaker, substructures seen in the
velocity plots will affect the conclusion that the halo K
giants in our sample have strongly radial orbits.
3.2. Metallicity dependence of the anisotropy
We have examined the behavior of β(r) as a function
of the metallicity of the stars. After removing Sagit-
tarius stream stars, selecting stars over the metallicity
range −2.5 < [Fe/H] < −1.3, and dividing them into
three roughly equally populated bins in this range, we
have plotted β versus rgc for each subset, as shown in
Fig 5. Interestingly, for the metal poor bin (−2.5 <
[Fe/H] < −1.8), we find a significantly lower β at 0.6,
compared to 0.9 for the rest of the sample. Beyond
25 kpc, the two more metal rich bins steadily decline in
anisotropy whereas the more metal poor bin remains rel-
atively constant; but we note that substructure clearly
affects β and any trends should be treated with caution.
It is very instructive to compare to Belokurov et al.
(2018), who have analyzed the anisotropy properties of
a sample of main sequence halo stars, for which, as here,
full kinematical and metallicity data are available. Their
sample have been selected from SDSS and Gaia DR1,
and are within ≈ 10 kpc of the Sun. They find similar
results for nearby stars to what we have found in the
distant halo. The orbits of the bulk of the nearby halo
stars are highly radial β ≈ 0.9, with β declining to more
mildly radial orbits (0.2 < β < 0.4) down to the lowest
metallicities probed ([Fe/H]≈ −3). This decline in β
with metallicity is similar to what we find for the halo
K giants out to about 25 kpc. At a metallicity of [Fe/H]
≈ −2, their Fig 4 shows β ≈ 0.5, quite similar to what
we find (β = 0.6) in our most metal poor bin (−2.5 <
[Fe/H] < −1.8). Beyond about 25 kpc, our sample be-
comes much more obviously affected by structure, and
comparison with Belokurov et al. (2018) is not straight-
forward, but within 25 kpc the two samples do appear
to be sampling a very similar component of the Galactic
halo in terms of the anisotropy dependence on [Fe/H].
Fig 5 shows a dip in β at a Galactocentric radius of ap-
proximately 15 kpc for the stars in the metallicity range
−1.8 < [Fe/H] < −1.5. This is reminiscent of the dips
seen in the halo simulations analyzed by Loebman et al.
(2018), due to a disrupted satellite passage through a
well-mixed background halo. Such dips would be short-
lived and have metallicities restricted to those of the
dissolving satellite, as opposed to long-lived dips which
involve stars in the in-situ halo, and thus no restriction
to a particular range of metallicity. It will be interest-
ing to see if this picture can be confirmed as part of an
ongoing search for and analysis of streams amongst the
LAMOST halo K giants.
4. DISCUSSION AND CONCLUSIONS
The combination of distances and line-of-sight veloc-
ities from LAMOST, and proper motions from Gaia,
demonstrate the power that 6-D surveys bring to Galac-
8tic structure and evolution studies. We have measured
the anisotropy parameter β for K giant stars in the
Galactic halo, with metallicities [Fe/H] < −1.3, over a
range of Galactocentric radii from 5 to over 100 kpc. We
find that from the Solar position to about 25 kpc, the
orbits are highly radial (β ≈ 0.8) and then generally de-
cline to near isothermality (β = 0.3) to the limit of cur-
rent measurements (∼100 kpc). The anisotropy profile
in the region rgc > 25 kpc shows very clear signs of being
affected by substructure, in line with expectations from
N -body/hydrodynamical simulations of stellar halo for-
mation and evolution around Milky Way-type galaxies
(Loebman et al. 2018). Within the better relaxed re-
gion (rgc < 25 kpc), our halo K giants share striking
similarities with the halo main sequence star sample of
(Belokurov et al. 2018), who find very high anisotropy of
β ≈ 0.9 for the bulk of their stars, and a similar metallic-
ity dependence, with orbits becoming more mildly radial
with decreasing metallicity.
The end-of-mission Gaia proper motions will improve
substantially over DR2, particularly for the more distant
stars, so that we will be able to probe the anisotropy
of the Galactic halo significantly better in the regions
where it appears to be declining.
The determination of the total mass profile of the
Milky Way (i.e. the enclosed mass as a function of
Galactocentric radius) can be made using the Jeans
equation and the full 6-D data for our sample: in the
simplified case of a spherical Jeans equation, it is known
that estimation of the mass profile is biased, even if β is
known. The mass profile, although still subject to some
sample bias, in particular due to non-virial effects, can
be obtained using the 3-D version of the Jeans equa-
tion. The velocity dispersion profiles presented here will
allow this, and we intend to measure the mass profile in
a forthcoming paper.
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